The aim of this study was to investigate the validity of hand-wrist radiographic analysis in estimating the amount of remaining craniofacial growth. The material compromised cephalograms of 22 males and 27 females with a Class I malocclusion. The median age of the females at the beginning (T1) was 11 years 10 months and of the males 12 years 6 months and at the end (T2) of treatment 14 years 7 months and 15 years 3 months, respectively. Statural height was measured and a lateral cephalogram was obtained for every patient at T1 and T2. A hand-wrist radiograph was taken only at T1. The cephalograms were scanned and analyzed. Relative dimensional growth changes in statural height as well as of the length of the cranial base (N-S), the maxilla (Ptm-A), and the dimensions of the mandible (Co-Gn, Go-Gn, and Co-Gn) from T1 to T2 were determined and statistically compared (Pearson's correlation coefficients) with the growth prediction assessed with the help of hand-wrist radiographs according to Greulich and Pyle. The results showed a highly significant correlation between statural growth increases and growth prediction assessed from the hand-wrist radiographs (females: r = 0.68; males: r = 0.7). Concerning craniofacial structures, the increase in mandibular corpus showed the highest correlation with growth prediction (females: r = 0.21; males: r = 0.52), but this association would not allow a reliable growth prediction. There was no significant correlation between growth increases of the cranial base, the maxilla, the ramus, and the effective length of the mandible and growth prediction assessed with the help of hand-wrist radiographs. As each patient has an individual growth pattern and different craniofacial structures show individual growth potential, it is questionable if quantitative craniofacial growth prediction with the help of hand-wrist radiographs is reliable. However, in an individual case for the assessment of the timing of the growth process, a hand-wrist radiograph can contribute to treatment planning. 
Introduction
As most orthodontic patients are growing individuals, orthodontists have to consider the remaining craniofacial growth of each patient for successful treatment planning. During treatment, growth can cause significant changes in the dental and skeletal structures as well as in the profile. Abundant studies have shown that such changes are complex due to the fact that each patient has an individual growth pattern (Björk, 1951 (Björk, , 1963 Nanda, 1955; Kraus et al., 1959; Bambha and Van Natta, 1963; Johnston et al., 1965; Mitani, 1977; Fishman, 1979; Bishara et al., 1984; Bishara and Jakobsen, 1985) . Accordingly, onset duration, velocity, direction and the amount of remaining growth differ significantly among individuals with the same chronological age. Remaining craniofacial growth can contribute to orthodontic correction as it is expected in patients with Class II malocclusion. On the other hand, remaining growth can also have an adverse effect on a skeletal malocclusion, particularly in patients with a Class III or open bite malocclusion. Therefore, in borderline cases, where the clinician has to decide whether orthognathic surgery is essential, in extraction cases, before the application of extraoral forces to correct skeletal discrepancies, or due to other treatment decisions it precisely would be favourable if the remaining craniofacial growth of a patient could be predicted. Growth prediction can be assessed using physiological parameters such as peak growth velocity in standing height, puberal markers, dental development and radiological analysis of skeletal maturation. While physiological markers do not allow a precise growth prediction, the evaluation of skeletal maturation with the help of radiographs is estimated to be the more reliable approach. The most common method is the use of hand-wrist radiographs (Chapman, 1972; Grave and Brown, 1976; Houston et al., 1979) . Commonly, hand-wrist radiographs are analysed using the comparison method according to the atlas of Greulich and Pyle (1959) , which was based on a longitudinal growth study. The atlas consists of plates of typical hand-wrist radiographs at six monthly intervals of chronological age. To determine the skeletal age of a particular patient, the hand-wrist bones are compared with those presented as standards in the atlas. The prediction of mature height is assessed based on the current skeletal age and body height according to growth prediction tables attached to the atlas. Thus, the atlas was originally introduced to predict mature statural height by determing the skeletal age using analysis of the hand and wrist. The use of hand-wrist radiographs to examine skeletal maturity has been criticized as the patient is exposed to additional radiation. Therefore, analysis of the cervical spine (Lamparski, 1972; Hassel and Farman, 1995) or of the frontal sinus (Ruf and Pancherz, 1996) on lateral cephalograms have been recommended as alternative methods. However both are rather vague and do not allow a precise prediction of the remaining growth potential, whereas growth potential is defined as an increment of the present length to the final length. Orthodontists have regularly taken hand-wrist radiographs of their patients to determine remaining craniofacial growth before the beginning of treatment. As the assessment of skeletal maturity with hand-wrist radiographs was initially introduced to predict statural height, several studies have questioned if such an approach could be applied to craniofacial structures. The results of these studies are contradictory. While some authors conclude that there is an association between peak velocity of craniofacial growth and peak velocity of statural height (Nanda, 1955; Johnston et al., 1965; Hunter, 1966 , Bergersen, 1972 , others (Nanda 1955; Seide, 1959; Bambha, 1961; Fishman, 1982) could not find a significant relationship between the skeletal maturity of the hand and wrist and growth of the craniofacial structures. However, most of these studies have focused on time course and velocity of growth and neglected to investigate how precisely the amount of remaining growth potential can be determined. The aim of the present study was to evaluate the prediction reliability of remaining growth of different craniofacial structures with the use of hand-wrist radiographs.
Subjects and methods
The records of 485 well documented patients treated at the clinic of orthodontics and pediatric dentistry of the University of Zurich, Switzerland, represented the database. To produce representative results only patients who fulfilled the following criteria were selected: 1. No syndromes or specific disease 2. Skeletal Class I malocclusion at the beginning of treatment (T1), which was confirmed with the help of the lateral cephalogram 3. No growth modyfying appliances were used during treatment 4. A hand wrist radiograph available before pubertal growth spurt (T1) 5. Lateral cephalograms available at T1 and after (T2) the pubertal growth spurt. 6. Statural height documented each time when a lateral cephalogram had been taken. 7. Patients had remaining growth potential at T1. This was confirmed with help of the hand-wrist radiograph (females: standard 21 or less, males: standard 25 or less, according to Greulich and Pyle, 1959) 8. Patients had clearly passed the pubertal growth peak at T2. This was confirmed by analysis of the cervical spine on the T2 lateral cephalogram (cervical vertebrae maturation indicator 4 (deceleration) or above, according to Hassel and Farman, 1995) .
Taking these criteria into account, 49 patients were included in the study. The female group comprised 27 patients with a median age of 11 years 9 months at T1 (range 9-7 -13-6 years) and 14 years 9 months at T2 (range 12-8 -15-11 years) (Figure 1 ). The male group consisted of 22 patients with a median age of 12 years 6 months (range 9-7 -14-8 years) and 15 years 2 months (range 13-5 -20-3 years) at T1 and T2, respectively (Figure 1 ). Cephalograms were digitized and analysed computer assisted (Figure 2 ) with the WinCeph ® program (CompuGroup Holding AG, Koblenz, Germany). Relative dimensional growth changes between T1 and T2 (percentage) of statural height and length of the cranial base (N-S), the maxilla (Ptm-A) and the mandible (ramus: Co-Go, corpus: Go-Gn and effective length: Co-Gn) were calculated ( Figure 3) . Growth changes were statistically compared with the growth prediction based on the hand-wrist radiograph at T1 according to Greulich and Pyle (1959) . Pearson's correlation coefficients were calculated using a computer program (PlotIt ® 3.2, Scientific Programming Enterprises, Haslett, Michigan, USA) ( Table 1) . Female and male patients were considered separately due to different growth curves.
Results
Growth increments of all craniofacial structures were for both genders in the range previously described in the literature (Bhatia and Leighton, 1993) Female group Statural height of the female patients increased by 8 percent from T1 to T2 ( Figure  3A) . Comparison of this increase with growth prediction of statural height based on the Greulich and Pyle analysis showed a highly statistically significant correlation coefficient (r=0.68, p<0.001; Table 1 ). As the cranial base and maxilla increased by only 2 percent from T1 to T2, no statistically significant correlation coefficients (r=0.01, p=0.96 for N-S; r=-0.16, p=0.94 for Ptm-A) with the growth prediction according to Greulich and Pyle (1959) could be calculated. The length of the mandibular corpus increased on average by 5 percent and the ramus height by 6 percent. Again, only low correlation coefficients were found (r=0.06 for Co-Go; r=0.21 for Go-Gn, r=0.29 for Co-Gn) which were not statistically significant (p=0.78 for Co-Go; p=0.29 for Go-Gn, p=0.29 for Co-Gn).
Male group
Male patients showed an increase of 15 percent ( Figure 3B ) in statural height during T1 -T2. Compared with growth prediction assessed with the hand-wrist radiographs a high and statistically significant correlation value was found (r=0.7, p<0.001; Table 1 ).
Within the male group the cranial base increased by 5 percent and the maxilla by 4 percent during T1 -T2. When compared with the growth prediction according to Greulich and Pyle (1959) , no significant correlation was obtained. The increase in growth of the mandibular corpus (Go-Gn) was 7 percent and showed a signficant correlation with the growth prediction assessed with handwrist radiographs (r=0.52, p=0.01). The mandibular ramus grew 14 percent but showed no statistically significant correlation (r=-0.009, p=0.97) with growth prediction.
Discussion
A successful orthodontic treatment plan requires consideration of remaining craniofacial growth in direction, velocity and quantity. A common method to predict the quantity of remaining growth has been to analyse skeletal maturity using handwrist radiographs and to use the growth prediction tables is the atlas of Greulich and Pyle (1959) . Therefore, the present study was based on analysis of hand-wrist radiographs with the comparison method according to those authors. As the atlas shows standards only with six month intervals, the accuracy of the analysis of the hand-wrist radiographs to determine skeletal age is generally limited. In addition, radiographs cannot in every case be assigned to the standards with absolute congruence. Measurements of the different craniofacial structures were carried out by determining specific cephalometric landmarks on the lateral cephalograms. This method includes errors as morphological structures can be distorted due to xray beam geometry. In addition, the localisation of cephalometric landmarks shows intra-and interindividual variation (Sekiguchi and Savara, 1972; Midtgård et al., 1974; Kamoen et al., 2001) . To obtain reliable results a test group should only include similar patients. This postulation is probably the greatest problem in a clinical study as every patient shows individual features. To minimize this problem this research only included patients who would show physiological growth during the observation period. Therefore, unlike the study of Hunter (1966) , which included patients with retarded and accelerated growth and those treated with extraoral forces, none of the subjects in the present investigation had a specific disease, showed severe occlusal discrepancies at the beginning of treatment or had been treated with extraoral or intermaxillary forces. All these aspects would have influenced normal growth. Overall, the results demonstrated that during T1 -T2 males grew more than females, both for statural height and the different craniofacial structures. In both groups there was a highly significant correlation between statural height growth during T1 -T2 and growth prediction assessed with the help of hand-wrist radiographs. This would confirm that the prediction method of Greulich and Pyle (1959) is reliable for statural height even in today's population, despite the fact that the atlas is based on children born between 1920-1930. The correlation coefficients of r= 0.7 for males and r=0.68 for females are comparable with a previous study (Moore et al., 1990) . At the time T2 the average age of the females was 14 years 7 months and that of the males 15 years 3 months. Even if most of the natural growth had taken place during this time, it must be assumed that most of the patients in the sample still had some minor remaining growth potential. If the measurements had been taken in adulthood, the correlation coefficients might have been even stronger. In the female group both the cranial base and the maxilla showed only minor growth while in the male group there was a weak increment of a 5 percent change for the cranial base and 4 percent for the maxilla. These growth increments were far less than those for the stature. Consequently, significant correlation coefficients are to be obtained with difficulty. A reliable growth predicition for the cranial base and the maxilla cannot be obtained with the help of hand-wrist radiographs. In the present study, growth of the mandible was analysed seperately in the vertical (Co-Go) and horizontal (Go-Gn) dimension. In the female group, growth increments in these dimensions were rather similar but less than that of statural height. Again, no significant correlations could be found. It must therefore be concluded that for females hand-wrist radiographs should not be used to predict the mature size of the mandible. The results in the male group were slightly different. Here the sagittal length of the mandibular corpus increased only 7 percent whereas ramus height showed a significant growth increase. However a significant correlation existed only between mandibular corpus length and growth prediction. This result is in concordance with the findings of Silveira et al. (1992) and Tofani (1972) . The different results between the female and male group concerning mandibular growth would confirm the statement of Smith (1980) who concluded that only hand-wrist radiographs of male patients would provide valuable information for orthodontics, while those of females would not be useful. In this study, incremental growth changes of the anterior cranial base (S-N), length of the maxilla (Ptm-A), mandibular ramus (Co-Go) and mandibular corpus (Go-Gn) were examined. However, incremental growth is only one aspect of facial growth. Phenomena such as displacement, rotation or remodelling of different skeletal structures were not taken into account, but have a major impact when facial growth is studied (Enlow, 1990) . Unfortunately, these growth features cannot be predicted with certainty. Considering the complexity of facial growth it must be concluded that any growth prediction of the craniofacial complex cannot be obtained with precision.
Conclusion
The possibility to precisely predict remaining craniofacial growth would allow the orthodontist to establish a successful treatment plan and anticipate the treatment outcome. Hand-wrist radiographs, which are commonly used for this purpose, seem not to provide such information as each patient shows an individual growth pattern and different craniofacial structures show individual growth potential. Whether the routine use of hand-wrist radiographs for quantitative craniofacial growth prediction justifies the additonal radiation exposure to the patient should be questioned. However, in an individual case for the assessment of the timing of the growth process a hand-wrist radiograph can contribute to treatment planning. References 
